Recent studies have provided evidence that depolarization in the absence of extracellular Ca 2+ can trigger Ca 2+ release from internal stores in a variety of neuron subtypes. Here we examine whether postganglionic sympathetic neurons are able to mobilize Ca 2+ from intracellular stores in response to depolarization, independent of Ca 2+ influx. We measured changes in cytosolic ΔF/F 0 in individual fluo-4 -loaded sympathetic ganglion neurons in response to maintained K + depolarization in the presence (2 mM) and absence of extracel- 
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Introduction
Calcium ions play an important role in regulating a variety of neuronal processes, including excitability, gene transcription, synaptic plasticity, growth cone behavior, synaptogenesis, and neurotransmitter release [1, 2] . Neurons use both extracellular and intracellular sources of calcium. Whereas voltage-gated calcium channels and receptor-operated channels such as the NMDA receptors enable Ca 2+ influx from the extracellular space, inositol 1,4,5-trisphosphate (IP 3 ) receptors and ryanodine receptors distributed throughout the endoplasmic reticulum membrane are responsible for releasing Ca 2+ from its internal stores [1] . The mechanism for triggering Ca 2+ discharge from internal stores is unknown in some cases, and it is often assumed that Ca
2+
-induced Ca 2+ release secondary to Ca 2+ entry is the prevailing mechanism underlying Ca 2+ mobilization. More recent studies, however, provide evidence for the existence of a Ca 2+ influx-independent, voltage-induced Ca 2+ release mechanism in neurons. A skeletal muscle excitation-contraction coupling-like mechanism, wherein conformational changes of the dihydropyridine receptor directly gate the ryanodine receptor, has been reported for hippocampal neurons [3] , hypothalamic magnocellular neurons [4] , and ischemically injured spinal cord white matter [5] . On the other hand, voltage-induced, Ca 2+ influx-independent, Ca 2+ release form IP 3 -sensitive stores has been reported for insect dorsal unpaired median neurons [6] . Overall, these studies suggest the possibility that voltage-induced Ca 2+ release from internal stores may be a more general phenomenon in neurons than previously thought. Sympathetic ganglion neurons have been demonstrated to express both dihydropyridinesensitive L-type calcium channels [7] [8] [9] [10] and ryanodine receptors [11, 12] , suggesting the possibility that a skeletal muscle-like, voltage-induced Ca 2+ release occurs in these cells. Here, we tested the hypothesis that sympathetic ganglion neurons in adult mice possess the ability to mobilize Ca 2+ from internal stores in response to membrane depolarization, independent of Ca 2+ influx. Our results provide, to the best of our knowledge, the first evidence that postganglionic sympathetic neurons are capable of releasing Ca 2+ from internal stores in response to prolonged depolarization in the absence of extracellular calcium. Surprisingly, however, this process does not require dihydropyridine or ryanodine receptors. Rather, depolarization causes Ca 2+ release from IP 3 -sensitive internal stores, utilizing a yet to be identified plasmalemmal voltage sensor. This process may constitute a novel mechanism coupling electrical activity to a rise in intracellular Ca 2+ in sympathetic neurons.
Materials and Methods

Preparation of sympathetic neurons
Sympathetic neurons were prepared in a manner previously described [13] . DBA/J mice at 2 to 3 months of age were sacrificed by cervical dislocation. The superior and stellate ganglia were removed under stereomicroscopy and immediately placed in chilled (4-8°C) sympathetic complete medium [DME-F12 medium supplemented with sodium bicarbonate, HEPES, penicillin/ streptomycin, 5% fetal bovine serum, and MITO + Serum extender (Collaborative Res, Bedford, MA, USA)]. The ganglia were then incubated for 20 min at 37°C in a Earle's Balanced Salt solution (Sigma, St. Louis, MO, USA) containing 10 U/ml papain (Worthington Biochemical Corp., Lakewood, NJ, USA), followed by a 30-min incubation in Earle's Balanced Salt solution supplemented with 1.3 mg/ml type II collagenase (Worthington) and 2.2 mg/ml dispase II (Roche, Indianapolis, IN, USA). Cells were then dissociated by trituration with a fire-polished glass Pasteur pipette in trituration solution (sympathetic complete medium containing 1.8 mg/ ml bovine serum albumin) and plated on poly-D-lysine-coated No.1 circular glass cover slips. The isolated neurons were maintained in 5% CO 2 -95% O 2 at 37°C in trituration solution and used~24 hours after plating. All procedures were approved by the Indiana University School of Medicine Institutional Animal Care and Use Committee.
Cytosolic Ca 2+ imaging
A coverslip containing sympathetic neurons was transferred to a 263-μl recording chamber (model RC-21BRFS, Warner Instruments, Hamden, CT). Cells were loaded at room temperature with fluo-4 by incubation with the acetoxymethyl (AM) ester form of the dye (fluo-4/AM; Life Technologies, Grand Island, NY) at a final concentration of 2 μM in normal Tyrode's solution. After 20 min, cells were washed several times with dye-free Tyrode's solution and transferred to an inverted microscope (Axioscope) equipped with a Zeiss x63 1.4 numerical aperture water immersion lens. The microscope was attached to a confocal laser-scanning unit (Zeiss LSM 510). Fluo-4 fluorescence was probed every second by illumination with 488-nm laser light and emission was detected between 500 and 550 nm. The diameter of the pinhole was set to its maximum for all measurements. Images were taken in frame-mode at a pixel density of 512 x 512. Fluorescence signals were digitized at 8-bit resolution and analyzed using Metamorph software (Molecular Probes, Sunnyvale, CA). To quantitate amplitude and time course of changes in cytosolic fluo-4 fluorescence, i.e., Ca
2+
, signal intensities of pixels located inside the neuron soma (excluding the nuclei) were measured, spatially averaged, and background corrected [F(t)]. Background fluorescence was measured as the average of a 40 x 40 pixel cellfree area outside the neuron soma of interest in each frame of every time series. Baseline fluorescence intensity (F 0 ) was determined by averaging F over the 10-s -free normal Tyrode's solution. Bath solution exchanges were performed via manual injections (~500 μl/s) through the input port of the perfusion chamber. For each consecutive bath fluid exchange in the experimental protocol, the injected volume was 7 ml, corresponding to~27 times the chamber volume. Solution changes were rapid, based on the fast and steady change in membrane potential achieved when cells were exposed to external solutions with elevated [K + ] (see Fig 1C) . ] e ) was tested in an individual neuron.
Electrophysiology
Whole-cell voltage-and current-clamp recordings were performed at room temperature using a Multiclamp 700B patch-clamp amplifier (Molecular Devices, Sunnyvale, CA, USA). Patch . ΔF/F 0 was calculated from the fluorescence intensity measured in the whole cytoplasm for each image taken every second.
pipettes were pulled in a model P-97 puller (Sutter Instruments, Novato, CA, USA) from borosilicate glass capillaries and heat-polished prior to use with a Narishige MF-83 microforge (Narishige Inc., East Meadow, NY, USA). When filled with internal solution, the pipette resistance ranged from 2 to 5 MO. During the recording, changes in the bath solution were made by gravity driven perfusion. Pipette capacitance was zeroed on sealing. Whole-cell capacitive transients were compensated by 60-80%. Residual linear capacitive and leak currents were subtracted by the-P/6 method. Currents and voltages were low-pass filtered at 1 kHz and 5 kHz, respectively, using the built-in four-pole Bessel filter and sampled at 5 and 25 kHz, using a Digidata 1440A, acquired using Clampex10 and analyzed with Clampfit10 (all from Molecular Devices). Data collection was started~2 to 3 min following membrane breakthrough.
Pipette To characterize voltage dependence of peak I Ca and to determine the I Ca. activation curve, currents were evoked by 300-ms pulses ranging from -90 to +60 mV in steps of 5 mV. The interval between voltage steps was 10 s. The peak I Ca.L density at each potential was plotted as a function of test voltage to generate the I-V curves. Activation curves were fitted with the following Boltzmann distribution equation:
where G is the voltage-dependent calcium conductance, G max is the maximal calcium conductance, V 1/2 is the potential at which activation is half-maximal, V is the membrane potential, and k is the slope. G values were determined by the following equation: G = I max /(V-E Ca ), where E Ca is the reversal potential.
To examine steady-state inactivation, the voltage that gave maximal peak current was used for subsequent protocols. Cells were administered a series of prepulses (-90 to 40 mV) lasting 300 ms, from a holding potential of -90 mV, followed, after a 20-ms gap at -90 mV, by a 300-ms depolarization to a voltage eliciting the maximal peak current (0 mV). The interval between conditioning prepulses was 10 s. The resulting curves were normalized and fitted using the following Boltzmann distribution equation:
where I max is the peak current elicited after the most hyperpolarized prepulse, V is the preconditioning pulse potential, and C is a constant.
The membrane capacitance was calculated from 5-mV hyperpolarizing and depolarizing steps (20 ms) applied from a folding potential of -70 mV according to the equation:
, where C M is membrane capacitance, τ is the time constant of the capacitance current relaxation, I 0 is the peak capacitive current determined by single exponential fit and extrapolation to the first sample point after the voltage step ΔV, and I 1 is the amplitude of the steady-state current during the voltage step [17] . Capacitive currents were sampled at 25 kHz and filtered at 5 kHz.
Data analysis
Summarized data are expressed as means ± SEM. Statistical analyses were determined by paired t-test, unpaired t-test, and parametric and non-parametric one-way analyses of variance coupled with the appropriate post hoc analyses to determine significance (P < 0.05). Fisher Exact test was used to determine differences of proportions.
Chemicals
Stock solutions of 2-aminoethoxydiphenyl borate (2-APB), nifedipine, ryanodine and thapsigargin were prepared in DMSO. The final DMSO concentration in the experimental solution did not exceed 1 μl/ml. Caffeine stock solution was prepared in ddH 2 O. Stock solution of tetrakis (2-pyridylmethyl) ethylendiamine (TPEN) was prepared in ethanol, and xestospongin C stock solution was made in PBS. ] e (see Table 1 ). Fig 2C) . Plotting the magnitude of peak ΔF/F 0 transient amplitude against membrane potential (Fig 2D) (Fig 3A) . A plot of peak I Ca as a function of voltage is shown in Fig 3B, exhibiting the typical bell-shaped dependence on membrane potential. The descending portion of the I Ca -V curve largely coincided with the voltage range over which peak ΔF/F 0 increased (see Fig 2D) , suggesting that the membrane potential dependence of peak I Ca controls Ca 2+ transient magnitude over the range of membrane depolarizations studied here. This observation is in agreement with previous studies [10, 18] . To examine whether depolarization-induced changes in Ca 2+ channel gating underlie the membrane potential-dependence of peak ΔF/F 0 in the absence of external Ca
Results
High
2+
, we next determined the voltage-dependence of Ca 2+ channel activation. The result is shown in Fig 3C. The probability of the channel of being activated (P act ) increased in a sigmoidal fashion as the membrane potential became more depolarized. This behavior contrasts with the inverse Ushaped dependence of peak ΔF/F 0 on voltage in Ca 2+ -free bath solution (Fig 2E) ] i during sustained membrane depolarization in the absence of external Ca 2+ (see Fig 2B) suggested the possibility that Ca 2+ release is regulated by the steady-state activity of voltage-gated Ca 2+ channels. The steady-state probability of a channel of being activated is the product of peak P act (obtained from the activation curve in Fig 3C) and the probability of not being inactivated (1-P inact ), i. e., steady-state P act = (peak P act ) Ã (1 -P inact ). Accordingly, we next determined the voltage-dependence of I Ca inactivation.
Channel inactivation displayed a U-shaped dependence on voltage (Fig 3D) . Fits of the descending portion of the inactivation curve to a Boltzmann distribution revealed V 1/2 and k values of -55.3 mV and 16.3 mV, respectively. Fig 3E shows Voltage-dependence of steady-state I Ca inactivation, (1 -P inact ). For measuring voltage-dependence of inactivation, a paired-pulse voltage protocol was used consisting of a 300-ms conditioning prepulse to voltages from -90 to 40 mV followed, after a 20-ms gap at -90 mV, by a 300-ms test pulse to 0 mV. Holding potential was -90 mV and the interval between conditioning prepulses as 10 s. For generating inactivation curve, the peak amplitudes of currents evoked by the test pulse were normalized to the current evoked during each prepulse and plotted as a function of prepulse potential. Solid line is the mean of the best fit of the descending portion of the inactivation-voltage relationship (i.e., between -111.9 and 18.1 mV) to a Boltzmann function, with V 1/2 and k values of 55.3 mV and 16.3 mV, respectively. Values are mean ± SEM (n = 8 cells). E: Calculated voltage-dependence of steady-state P act of high voltage-gated Ca 2+ channels in sympathetic ganglion neurons. The curve shows the theoretical steady-state P act at any potential, using the Boltzmann values for the amount of available current and the amount of current inactivation. The maximum available current was set to 1. Circles denote values for steady-state P act at voltages generated by each [ ] e and in the absence of extracellular Ca 2+ (with 200 μM EGTA added to the bath solution). Values are expressed as means ± SEM. n indicates the number of cells. There were no statistically significant differences in the membrane potential between the treatment groups (P > 0.05 by One Way Analysis of Variance).
Treatment
Control (mV, n = 6) 1 μM Thapsigargin (mV, n = 9) 20 μM 2-APB (mV, n = 4) transients in only 1 (17%) of 6 2-APB-treated and 2 (10.5%) of 16 xestospongin C-treated neurons, compared to 47 (78%) of 60 control neurons (P = 0.001; Fig 5B) . The prevalence of nonresponding cells was similar following treatment with 2-APB or xestospongin C (P > 0.05 [20] . If an identical mechanism is at work in sympathetic ganglion neurons, we would expect the 1,4-dihydropyridine L-type Ca 2+ channel antagonist nifedipine, which acts on the channel by immobilizing its gating charge, to affect depolarization-evoked Ca 2+ transients. Measurements of whole-cell currents through high voltage-activated Ca 2+ channels (with Ba 2+ as charge carrier) revealed that a high concentration of nifedipine (50 μM) was required to achieve a small (~-20%), yet significant, reduction in current amplitude (Fig 6A-6C) . The finding that nifedipine at 10 μM did not block I Ba strongly suggests a lack of functional L-type Ca 2+ channels in adult sympathetic ganglion neurons, whereas the significant reduction of I Ba at 50 μM nifedipine may reflect inhibition of Ca v 2.x channels [21] . Alternatively, the insensitivity of whole-cell I Ba to inhibition by nifedipine may suggest that adult sympathetic ganglion neurons express the skeletal muscle isoform of the L-type Ca 2+ channel which has been shown previously to require nearly 50 μM nifedipine for complete block [22] . We found that pretreating neurons for 20 min with a high concentration of nifedipine (50 μM) spared the high [K + ] e -induced Ca 2+ responses both in the presence and absence of extracellular Ca 2+ (Fig 6D) . The lack of a significant effect of nifedipine on the magnitude of depolarization- Voltage-Induced Ca Voltage-Induced Ca 2+ Release in Sympathetic Neurons been shown previously to potently block ion flux through neuronal, high voltage-gated calcium channels in a concentration-dependent manner [10] , without altering channel gating. Our measurements of whole-cell Ca 2+ currents in voltage-clamped neurons (using Ba 2+ as the charge carrier) confirmed the absence of resolvable inward currents following the addition of 300 μM Cd 2+ to the bath solution (S1A-S1C Fig) , supporting the notion that Cd 2+ at this concentration potently blocked currents through voltage-activated Ca 2+ channels, consistent with previous studies in adult sympathetic ganglion neurons [9, 24] . In addition, Cd 2+ at concentrations that block ion flux has been reported to not affect membrane potential of sympathetic ganglion neurons [10] . were not significantly different before and after loading with TPEN (Fig 7C) ], involving Ca 2+ -influx-independent activation of a G proteinphospholipase C-IP 3 receptor pathway. However, the nature of the voltage sensor was not identified in the latter study [6] . Na-induced dissociation of G-protein subunits has been demonstrated previously in neurons [27] -free solution supplemented with 300 μM CdCl 2 causes a sustained increase in fluo-4 fluorescence (b) which is not reversed until treatment of the cell with the membrane permeable metal chelator TPEN at 100 μM (c). A second K + challenge of the TPEN-loaded neuron in a 2-mM Ca 2+ bath solution (d) shows restoration of fluo-4 Ca 2+ responsivity. C: Bar graphs summarizing mean ± SEM of peak cytosolic ΔF/F 0 in sympathetic neurons before and after loading with TPEN (100 μM). P = 0.14 by paired t-test (n = 5 cells in the bath solution for increasingly large depolarizations results in an incremental reduction in the Na + driving force, progressively reducing its flux through voltage-independent channels as the membrane becomes more depolarized. This behavior conflicts with the non-monotonic dependence of depolarization-evoked peak ΔF/F 0 amplitude on voltage that we observed in the absence of external Ca 2+ (see Fig 2E) . It thus appears unlikely that the magnitude of Na + movement through voltage-independent pathways constitutes the trigger for Ca 2+ mobilization in our experiments. Because the relationship between changes in membrane potential and those in extracellular K + concentration followed the Nernst equation with a slope close to that expected for a K + -selective ion channel (see Fig 2C) ] i levels. Because we have not calibrated the fluo-4 signal for our experimental conditions, we were unable to directly correlate changes in membrane potential to those in free [Ca 2+ ] i .
Besides voltage-gated ion channels, it is possible that non-ion channel proteins act as voltage sensors, e.g., the Na-K ATPase, the Na-Ca exchanger or the recently discovered voltage-sensitive phosphatide phosphatase, although expression of the latter in mammalian neuronal tissue has not yet been confirmed [30] . Additional studies are needed to identify the molecule capable of transducing the electrical signal into Ca 2+ discharge from IP 3 -sensitive stores in adult sympathetic neurons. It was demonstrated previously that insect dorsal unpaired median neurons possess a membrane voltage sensor that, independent of Ca 2+ influx, causes G-protein activation, which subsequently leads to Ca 2+ release from intracellular stores via phospholipase C and IP 3 -receptor activation [6] . It remains to be determined whether the voltage-sensitive Ca 2+ release mechanism in our study utilizes the same signaling pathway or whether the plasmalemmal voltagesensor directly interacts with the IP 3 receptor in the ER membrane. [20] . A model was proposed in which the dihydropyridine receptor decodes the electrical signal into G-protein-dependent activation of phospholipase C to produce IP 3 , which then diffuses to IP 3 receptors located on the ER and nuclear membrane, ultimately activating intracellular signaling cascades. Although our experiments provide no evidence for a role of dihydropyridine receptors as voltage-sensors in depolarization-evoked Ca 2+ release in sympathetic ganglion neurons, our data suggests that both cell types share the signaling events downstream of their respective voltage-sensor. Although 2-APB has been shown previously to inhibit IP 3 -mediated Ca 2+ release in neurons [31] , it also exerts unspecific effects on Ca 2+ entry in non-excitable cell types, e.g. via blockade of cation-selective channels encoded by the by transient receptor potential (TRP) genes [32] . However, our observation that xestospongin C at a concentration that has been shown previously to specifically inhibit IP 3 receptor signaling in a variety of mammalian cell types [33, 34] , similarly suppressed depolarization-induced increases in [Ca 2+ ] i in the absence of external Ca 2+ support our conclusion that depolarization-evoked rises in [Ca 2+ ] require functional IP 3 receptors.
Potential function of voltage-induced Ca 2+ release in sympathetic neurons
Voltage-induced Ca 2+ release constitutes a novel mechanism by which adult sympathetic ganglion neurons couple electrical activity to graded rises in intracellular [Ca 2+ ]. The extent to which this mechanism contributes to the increase in [Ca 2+ ] that normally occurs in response to single or repetitive action potentials remains to be quantitated. Eltit and co-workers previously demonstrated that tetanic stimulation of skeletal myotubes in the absence of extracellular Ca 2+ gives rise to long-lasting, IP 3 -generated, slow Ca 2+ signals both in the nucleus and cytoplasm [34] . It will be interesting to determine whether repetitive electrical discharge of sympathetic ganglion neurons, such as occurring physiologically in situ, also results in 
